ABSTRACT R e c e n t l y a t e c h n i q u e f o r d e s i g n i n g highspeed, high accuracy Operational A m p l i f i e r s ( o p a m p s ) w a s p r o p o s e d by t h e a u t h o r s .
t e c h n i q u e w a s b a s e d o n t h e c o m p o s i t e o p e r a t i o n a l a m p l i f i e r s t r u c t u r e s t h a t were k n o w n f o r t h e i r e x c e l l e n t A C a n d D C c h a r a c t e r i s t i c s .
I n t h i s c o n t r i b u t i o n
preliminary r e s u l t s of a n o v e l sample and h o l d c i r c u i t i s presented, The r e s u l t s c l e a r l y show t h e c o n s i d e r a b l e improvement when t h e h i g hs p e e d , h i g h -a c c u r a c y o p a m p s were u s e d i n c o n s t r u c t i n g t h e sample and h o l d c i r c u i t . T h e c i r c u i t would b e c a p a b l e o f providing p r e c i s e output a t a very high sampling r a t e .
. INTRODUCTION

In t o d a y ' s t e c h n o l o g y , s i g n a l processing i s more and m o r e o f t e n a c c o m p l i s h e d u s i n g d i g i t a l m e t h o d s .
S i n c e most of t h e e v e n t s occurring i n t h e physical w o r l d w e l i v e i n a r e analog by n a t u r e , t h e d e s i r e t o process informat i o n d i g i t a l l y r e q u i r e s a c o n v e r s i o n o f t h e a n a l o g s i g n a l i n t o a d i g i t a l o n e , and o f t e n after processing, from d i g i t a l back t o a n a l o g . C e n t r a l t o s u c h s y s t e m s a r e s a m p l e and h o l d c i r c u i t s .
Sample and h o l d c i r c u i t s a r e widely used i n analog s i g n a l processing and d a t a c o n v e r s i o n s y s t e m s t o s t o r e a n a n a l o g v o l t a g e p r e c i s e l y over a d i f f e r e n t p e r i o d of time. T h i s capab i l i t y allowed them t o be s u i t a b l e f o r numerous a p p l i c a t i o n s i n c l u d i n g d a t a m u l t i p l e x i n g s y s t e m s , d a t a a c q u i s i t i o n systems, simultaneous sample and h o l d s y s t e m s , A / D c o n v e r t e r f r o n t e n d s , s i g n a l r e c o n s t r u c t i o n f i l t e r s and analog computers. Cl ,23
A sample and h o l d c i r c u i t i s b a s i c a l l y a v o l t a g e memory d e v i c e t h a t s t o r e s a g i v e n a n a l o g v o l t a g e on a h i g h q u a l i t y c a p a c i t o r . The c i r c u i t c a n sample a n a n a l o g s i g n a l a t a g i v e n i n s t a n t o f time and t h e n f r e e z e i t as long a s t h e s y s t e m r e q u i r e s . F i g . 1 shows a f u n d a m e n t a l sample and hold c i r c u i t . A1 i s an i n p u t b u f f e r a m p l i f i e r w i t h a h i g h i n p u t i m p e d a n c e s o t h a t t h e s o u r c e i s n o t l o a d e d . The output of A1 must be capable of d r i v i n g t h e h o l d c a p a c i t o r w i t h s t a b i l i t y and enough d r i v e c u r r e n t t o c h a r g e i t r a p i d l y . S 1 i s a n e l e c t r o n i c a l l y c o n t r o l l e d s w i t c h , o f t e n a MOSFET d e v i c e , w h i c h p r o v i d e s a m e a n s f o r U.S. Government Work. Not protected by U.S. copyright. r a p i d l y c h a r g i n g t h e c a p a c i t o r t o t h e sampled v o l t a g e and t h e n i s o l a t i n g t h e i n p u t v o l t a g e s o u r c e from t h e c i r c u i t s o t h a t the c a p a c i t o r can s t o r e t h e d e s i r e d i n p u t v o l t a g e l e v e l . C i s a c a p a c i t o r w i t h l o w l e a k a g e a n d l o w d i e l e c t r i c a b s o r p t i o n p r o p e r t i e s , n o r m a l l y p o l y c a r b o n a t e , p o l y p r o p y l e n e o r t e f l o n type. I n t h e c a s e of h y b r i d s a m p l e a n d h o l d , MOS c a p a c i t o r s a r e u s e d .
A2 i s t h e o u t p u t a m p l i f i e r which b u f f e r s t h e v o l t a g e on t h e h o l d c a p a c i t o r . I t must t h e r e f o r e h a v e e x t r e m e l y low i n p u t bias c u r r e n t ( o f t e n FET i n p u t OP AMP is used). I n a d d i t i o n t o t h e b a s i c s a m p l e and hold c i r c u i t of F i g . 1 , t h e r e a r e s e v e r a l o t h e r c o n f i g u r a t i o n s which a r e f r e q u e n t l y used. To a b i d e w i t h t h e sampling theorem, and i n o r d e r f o r t h e sample and h o l d c i r c u i t t o produce a good approximation of t h e i n p u t waveform b e i n g sampled, i t i s n e c e s s a r y f o r t h e f r equency o f t h e s w i t c h " c l o c k i n g " c o n t r o l t o be s u b s t a n t i a l l y h i g h e r t h a n t h a t of t h e i n p u t s i g n a l . T h i s d i c t a t e s a c e r t a i n requirement on t h e components used i n t h e d e s i g n . High s p e e d op amps would a p p e a r e s s e n t i a l i n s u c h case, s i n c e l o w e r s l e w r a t e c o m p o n e n t s w o u l d i n t r o d u c e major e r r o r s , To g e t a b e t t e r understanding of f u r t h e r r e q u i r e m e n t s t h a t m i g h t b e imposed upon s u c h a c i r c u i t t o minimize o t h e r sources of e r r o r s , it is necessary t o v i s u a l i z e t h e c i r c u i t i n conjunction w i t h a state-of-thea r t A/D c o n v e r t e r . S i n c e t h e sample and h o l d c i r c u i t would b e t h e f r o n t end of such an A I D converter, and assuming a 16 b i t d i g i t a l s y s t e m i t c a n b e e a s i l y shown t h a t t h e s i z e of t h e l e a s t s i g n i f i c a n t b i t would b e 1 5 3 UV f o r a 10 v o l t maximum a n a l o g i n p u t . To a c h i e v e s u c h accuracy t h e u s e o f h i g h p r e c i s i o n components would become apparent.
I n t h i s r e s e a r c h a p p l i c a t i o n of t h e highs p e e d , h i g h -a c c u r a c y o p a m p s , i n t r o d u c e d e a r l i e r by t h e a u t h o r s [3-51, w i l l be demonstrated i n d e v e l o p i n g a n o v e l s a m p l e and h o l d c i r c u i t design.
HIGH-SPEED, HIGH-ACCURACY OP AMPS:
T h e o r e t i c a l c o n s t r a i n t s encountered i n t h e d e s i g n o f o p a m p s h a v e p r e c l u d e d t h e f a b r i c a t i o n of a s i n g l e op amp c a p a b l e o f s i m u l t a n e o u s l y p r o v i d i n g b o t h h i g h s p e e d and high a c c u r a c y . P r e v i o u s p a p e r s p r e s e n t e d by t h e a u t h o r s [ 3 , 4 1 h a v e d i s c u s s e d t h e s e l i m i t a t i o n s and r e c o u n t e d some o f t h e m o r e s u c c e s s f u l methods u t i l i z e d t o enhance op amp performances. But i n e a c h c a s e i n w h i c h a s u b s t a n t i a l e n h a n c e m e n t o f s l e w r a t e was a c h i e v e d , a p e n a l t y o f a c o n c o m i t a n t d e g r a d a t i o n i n t h e i n p u t o f f s e t v o l t a g e and d r i f t a s well as some d e g r a d a t i o n i n n o i s e p e r f o r m a n c e was p a i d . However, s i n c e i n many a p p l i c a t i o n s (e.g. s a m p l e and h o l d c i r c u i t s ) , t h e need f o r a c c u r a t e , o f f s e t f r e e a m p l i f i e r s i s a s i m p o r t a n t a s t h e n e e d f o r f a s t o n e s , r e s e a r c h e r s e f f o r t s h a v e c o n t i n u e d i n s e a r c h f o r common s o l u t i o n .
R e c e n t l y a technique was introduced
by t h e a u t h o r s i n C4l u s i n g a c o m p o s i t e op amps t o combine !'the b e s t of both worldsff. U t i l i z i n g a v e r y accurate op amp and a v e r y f a s t o n e t o g e n e r a t e a c o m p o s i t e t h a t h a s s p e e d s a n d accuracies on t h e order of o r g r e a t e r t h a n i t s p a r e n t c o u n t e r p a r t s . S e v e r a l families of c o m p o s i t e o p a m p s ( C N O A s ) were o r i g i n a l l y d e v e l o p e d i n C61. These CNOAs were well known f o r t h e i r w i d e bandwidth and dynamic r a n g e , i n s e n s i t i v i t y t o c o m p o n e n t s , power s u p p l y v a r i a t i o n s and Gain Bandwidth P r o d u c
t (GBWP) m i s m a t c h , s t a b i l i t y e t c .
I m p r o v e d a c t i v e r e a l i z a t i o n s p e r f o r m a n c e , r e l a t i v e t o t h e s t a t e -o f -t h e -a r t designs using a similar number of op amps has been d e m o n s t r a t e d i n a w i d e r a n g e of s i g n a l p r o c e s s i n g a p p l i c a t i o n s . when t h e CNOAs were used t o r e p l a c e t h e r e g u l a r op amps.
I n t h e s e p r o p o s e d CNOA f a m i l i e s , t h e f a c t t h a t mismatching o f t h e i n d i v i d u a l o p amp's GBWPs is tolerated, provided an e x c e l l e n t chance t o c o n s t r u c t C N O A s t a i l o r e d t o c e r t a i n s p e c i f i c a t i o n s . I n t h e s e designs using a p r e c i s i o n op amp (HA-5170 t h a t c o n t r i b u t e s l i t t l e DC e r r o r ) i n p l a c e of A1 i n any of t h e C20As. provided e x c e l l e n t f r o n t -e n d c h a r a c t e r i s t i c s f o r t h e composite. S i m i l a r l y choosing a h i g h slew-rate, f a s t s e t t l i n g , a n d w i d e b a n d w i d t h op amp ( e x HA-2525) as t h e output op amp i n p l a c e of A2 r e s u l t e d i n a f a s t output s t a g e .
A n a l y s i s of t h e above d e s i g n showed t h a t t h e r e s u l t i n g c o m p o s i t e a m p l i f i e r e n j o y e d e s s e n t i a l l y t h e same e x c e l l e n t r e s o l u t i o n and high accuracy of t h e p r e c i s i o n op amp used i n t h e f r o n t end. T h i s i s t r u e s i n c e t h e e f f e c t o f t h e n o n -p r e c i s i o n o u t p u t o p amp i s d r a s t i c a l l y r e d u c e d a t the front-end of any of
These h y p o t h e s i s were c l e a r l y demonstrated i n t h e experimental r e s u l t s of t h e high-speed, h i g h -a c c u r a c y a m p l i f i e r s shown i n T a b l e s 2-5 f o r t h e f o u r C 2 0 A s . A p p l i c a t i o n s o f t h e s e n o v e l d e s i g n s i n l i n e a r and non-linear a c t i v e networks [SI, demonstrated c l e a r l y t h e s u p e r io r i t y o f t h e s e d e s i g n s , a n d t h e p o s s i b l e d r a m a t i c improvement t h a t t h e s e d e s i g n s may c o n t r i b u t e t o sample and hold c i r c u i t s .
THE NOVEL SAMPLE AND HOLD CIRCUITS: A s w i t h m o s t p r a c t i c a l s a m p l e and h o l d c i r c u i t s , op amps a r e employed by t h e c i r c u i t t o p r e s e n t a low d r i v i n g c i r c u i t impedance and a high load impedance a c r o s s t h e c a p a c i t o r a s
shown i n F i g . 1 , 2. For many c r i t i c a l applic a t i o n s , t h e u t i l i z a t i o n of p r e c i s i o n , h i g h s p e e d op amps a r e e s s e n t i a l f o r developing an optimum design with minimum sources of e r r o r s .
C o n s i d e r i n g t h e c a s e d i s c u s s e d e a r l i e r where an a c c u r a t e , h i g h s p e e d sample and h o l d c i r c u i t were needed as a f r o n t end of t h e 16-b i t A / D c o n v e r t e r , w i t h a c c u r a c y b e t t e r t h a n 1 5 3 pV.
T
h e r e s u l t s shown i n T a b l e s 2-5 i n d i c a t e d t h a t t h e slew r a t e and i n p u t o f f s e t v o l t a g e s a c h i e v e d b y t h e HA-5170/HA-2525
c o m b i n a t i o n i n t h e C20A-1, C20A-3 o r C20A-4 c o n f i g u r a t i o n s would f u l f i 11 t h e requirements, i . e . a n LSB s i z e of 153 pV a n d a v e r y h i g h c l o c k r a t e . Rather than using two composite op amp s t r u c t u r e s t o c o n s t r u c t any of t h e sample and h o l d c i r c u i t s of Fig. 2 , i t was found t h a t a s i n g l e high-speed, high accuracy composite op amp w i t h a CMOS s w i t c h and a s t o r a g e c a p a c i t o r can perform as well (and i n some c a s e s b e t t e r ) than two composite configurations. F i g . 4 s h o w s t h e n o v e l sample and h o l d circuit c o n s t r u c t e d u t i l i z i n g t h e C20A-3 w i t h a30.43 and k s 2 . 0 .
The placement of t h e capaci t o r between the s w i t c h and t h e n o n r i n v e r t i n g t e r m i n a l of t h e HA-2525 was s e l e c t e d such t h a t d u r i n g t h e h o l d p e r i o d s , t h e c a p a c i t o r would n o t be a b l e t o discharge due t o the open switch on one s i d e and t h e high input impedance of t h e 2525 on t h e o t h e r .
F i g . 5 s h o w s t h e p r e l i m i n a r y r e s u l t s o b t a i n e d f o r t h i s c i r c u i t .
H e r e t h e i n p u t a n a l o g s i g n a l was a 1 0 0 kHz s i n u s o i d . The switching c o n t r o l voltage ( v s ) was a p p l i e d a t a f r e q u e n c y o f 2 . 6 MHz ( s a m p l i n g r a t e ) . The photograph shows both t h e input and t h e sampled o u t p u t w a v e f o r m s i n t e n t i o n a l l y o f f s e t . I t clearly demonstrates t h a t the c i r c u i t a m p l i f i e d the s i g n a l b y a f a c t o r of two ( K = 2 ) , and was a b l e t o s a m p l e a t t h e 2.6 MHz c l o c k i n g r a t e ; i . e . -2 6 s a m p l e s p e r c y c l e , w i t h no s i g n o f d i s t o r t i o n o r noise.
The r e s u l t s d o n o t r e p r e s e n t t h e upper l i m i t s of t h i s n o v e l d e s i g n . T h e c l o c k i n g sates and a and k parameters were chosen merely to i l l u s t r a t e t h e u t i l i t y o f t h e c i r c u i t and t h a t i t would perform adequately i n a demanding s i t u a t i o n . Higher clock r a t e s are q u i t e l i k e l y p e r m i s s a b l e and b e t t e r r e s u l t s may h a v e been a c h i e v a b l e w i t h t h e o t h e r , more a c c u r a t e and f a s t e r configuration.
CONCLUSIONS
In t h i s r e s e a r c h t h e p r e l i m i n a r y r e s u l t s of a novel sample and hold c i r c u i t is presented.
The d e s i g n was based on t h e optimum high-speed, h i g h a c c u r a c y c o m p o s i t e a m p l i f i e r s t h a t were d e v e l o p e d earlier by t h e authors. The proposed s a m p l e and h o l d c i r c u i t h a s d e m o n s t r a t e d a s i g n i f i c a n t l y improved AC and DC performance o v e r c u r r e n t l y a v a i l a b l e s t a t e -o f -t h e -a r t s m o n o l i t h i c d e s i g n s [TI. While some of t h e r e s u l t s are r e p o r t e d , work i s i n p r o g r e s s f o r t h e development o f t h e optimum s t r u c t u r e s f o r maximum speed and accuracy as well as i n v e s t ig a t i n g t h e improvement of o t h e r sample and hold parameters. 
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